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Summary
Tight control of membrane protein homeostasis by selective
degradation is crucial for proper cell signaling and multicel-
lular organismal development. Membrane proteins destined
for degradation, such as misfolded proteins or activated
receptors, are usually ubiquitinated and sorted into the intra-
luminal vesicles (ILVs) of prevacuolar compartments/multive-
sicular bodies (PVCs/MVBs), which then fuse with vacuoles/
lysosomes to deliver their contents to the lumen for degrada-
tion by luminal proteases [1]. The formation of ILVs and
the sorting of ubiquitinated membrane cargoes into them are
facilitated by the endosomal sorting complex required for
transport (ESCRT) machinery [2–4]. Plants possess most
evolutionarily conserved members of the ESCRT machinery
but apparently lack orthologs of ESCRT-0 subunits and the
ESCRT-I componentMvb12 [5–8]. Here,we identified a unique
plantESCRTcomponent calledFYVEdomainprotein required
for endosomal sorting 1 (FREE1). FREE1 binds to phosphati-
dylinositol-3-phosphate (PI3P) and ubiquitin and specifically
interacts with Vps23 via PTAP-like tetrapeptide motifs to be
incorporated into the ESCRT-I complex. Arabidopsis free1
mutant is seedling lethal and defective in the formation of
ILVs inMVBs.Consequently, endocytosedplasmamembrane
(PM) proteins destined for degradation, such as the auxin
efflux carrier PIN2 [9, 10], cannot reach the lumen of the vacu-
ole andmislocalize to the tonoplast. Collectively, our findings
provide the first functional characterization of a plant FYVE
domain protein, which is essential for plant growth via its
role as a unique evolutionary ESCRT component for MVB
biogenesis and vacuolar sorting of membrane proteins.
Results and Discussion
FREE1 Is a Unique Plant FYVE Domain-Containing Protein
that Binds to PI3P and Is Ubiquitously Expressed in
Arabidopsis
Inmammalsandyeast, severalFYVEdomainproteinshavebeen
characterized toperformessential roles inendosomal trafficking*Correspondence: ljiang@cuhk.edu.hkor sorting, such as the Rab5 effector Rabenosyn-5/Vac1p
and the ESCRT-0 subunit Hrs/Vps27 [11–14], whereas in plants
comparable functional FYVE domain proteins had not been
characterized. We therefore made a search for plant FYVE
domain-containing proteins that might perform an endosomal
sorting-related function. Arabidopsis genome has 15 FYVE
domain-containing proteins, but with only limited information
about their subcellular localizations and functions [15, 16]. We
first cloned these genes and made GFP fusions for localization
analysis by transient expression in Arabidopsis protoplasts.
From this screening, we identified one member that largely
colocalized with the PI3P-specific biosensor, mRFP-2 3 FYVE
(Figures 1A and 1B). The corresponding gene, designated
At1g20110, which encodes a single protein of 601 amino acids
in length, is named as FREE1 based on its subsequently identi-
fied function. TheFREE1protein containsa largeN-terminalpart
with a Pro-rich region followed by a conserved FYVE domain
plus a short coiled-coil region in the C terminus (Figure 1A and
Figures S1A and S1B available online). To determine the phos-
pholipid-binding specificity of FREE1, we performed an in vitro
lipid-binding assay and found that FREE1 recombinant protein
specificallybound toPI3P,whereasdeletionof theFYVEdomain
dramatically abolished the binding affinity (Figure 1C).
To better characterize the membrane binding ability and
tissue distribution profiles of FREE1, antibodies were raised
against the peptides corresponding to the N-terminal or middle
regions of FREE1. As shown in Figure 1D, the FREE1 antibody
specifically recognized the putative 75 kDa endogenous
FREE1 protein band in the total protein extracts from untrans-
formed and GFP-FREE1 transformed Arabidopsis protoplasts
aswell as the 100 kDaGFP-FREE1 fusion.Whenprobingprotein
distribution in cellular fractions using this antibody, FREE1 was
detected in both soluble andmembrane fractions (Figure 1E). In
addition, high-salt or alkali treatmentsofmicrosomalmembrane
pellets were able to partially solubilize FREE1 but not the inte-
gral membrane protein, endomembrane protein 12 (EMP12)
(Figure 1E) [17, 18], suggesting the peripheral membrane-asso-
ciated character of FREE1. Immunoblot analysis of protein ex-
tracts from Arabidopsis suspension culture cells as well as
various tissues at different stagesof plant growthdemonstrated
that FREE1 was expressed in all of the tissues examined, with
the lowest expression levels in mature seeds (Figure 1F).
To understand the phylogenetic relationship of FREE1-
related proteins in plants and other eukaryotes, we searched
and compared the deduced protein sequences from 29 phylo-
genetically diverse organisms. According to the phylogenetic
analysis, FREE1 seems to be a unique plant FYVE domain pro-
tein and its orthologs can be widely found in eudicots, all en-
coding by a single gene (Figure S1C). In monocots and more
basal classes, however, only the proteins with conserved
FYVE-type zinc finger domains can be found (Figure S1C), indi-
cating that this protein may appear along with the develop-
ment of core eudicots.
FREE1 Localizes to the PVC/MVB and Is Essential for
Plant Growth
Wenext gained an insight into FREE1 function by characteriza-
tion of a transposon insertion Arabidopsis mutant (Figure 2A).
Figure 1. FREE1 Is a Peripheral Membrane-Associated Protein that Binds to PI3P via a Conserved FYVE Domain
(A) Schematic domain structure of FREE1.
(B) Partially colocalization of GFP-FREE1 with the PI3P marker mRFP-2 3 FYVE in Arabidopsis protoplasts. Scale bar, 10 mm.
(C) FREE1 binds to PI3P lipid through the FYVE domain. Purified recombinant proteins were subjected to in vitro lipid-binding assay, followed by immuno-
detection with anti-His antibody.
(D) FREE1 antibody can specifically detect endogenous FREE1 and GFP-FREE1 fusion proteins.
(E) FREE1 is a peripherally membrane associated protein. Supernatant (S) and microsomal pellet fractions (P) were prepared from Arabidopsis cells.
The membrane pellet was then resuspended in 0.1 M Na2CO3 (pH 10), 1 M KCl, 1% (v/v) Triton X-100, or 1% (v/v) SDS and incubated at 4
C for 1 hr before
separation as P and S fractions for immunoblot analysis with indicated antibodies.
(F) Expression profiles of FREE1 in different tissues. Anti-FBPase was used as loading control.
See also Figure S1.
FREE1 Regulates MVB Sorting in Arabidopsis
2557We failed to obtain homozygous plants but found 42 dead
seedlings and ten ungerminated seeds in 221 progenies
derived from self-pollinated FREE1/free1 plants. Both PCR-
based genotyping and immunoblotting with specific FREE1
antibody confirmed that these dead seedlings were homozy-
gous free1mutant plants (Figures 2B, 2C, and S1D). Moreover,
expression of GFP tagged forms of FREE1 under the control of
UBQ10 or native FREE1 promoters rescued the seedling
lethality of the free1 mutant, demonstrating that depletion of
FREE1 caused seedling growth arrest and that the GFP-
FREE1 chimeric fusion was fully functional in plants (Fig-
ure 2B). We thus used this functional GFP-FREE1 fusion to
further investigate the subcellular localization of FREE1 by
crossing the GFP-FREE1 expressing plant with Arabidopsiswave lines expressing different organelle markers [19]. As
shown in Figures 2D and S2A, the punctate dots labeled by
GFP-FREE1 were mainly separated from the Golgi and TGN
markers but largely colocalized with the PVC marker, pointing
to the PVC/MVB localization of FREE1 protein. In mammalian
cell and yeast, the FYVE domain proteins, such as Rabeno-
syn-5/Vac1p and Hrs/Vps27, usually colocalize with the PI3P
biosensor XFP-FYVE fusion on early endosome [11–14, 20],
whereas FREE1 mainly localizes to PVC/MVB, identified as a
late endosome in plants [21, 22]. A possible explanation for
the differences of their subcellular localizations might be due
to the different distributions of PI3P lipid, which is mainly en-
riched in early endosomes in mammals and yeast, but in late
endosomes in plants [23–25].
Figure 2. FREE1 Localizes to PVCs/MVBs and Is Essential for Plant Growth and Formation of ILVs in MVBs
(A) Schematic structure of the FREE1 gene and position of T-DNA insertion.
(B and C) The free1 mutation causes seedling lethality. Seven-day-old seedlings of indicated genotypes were photographed (B) and were subjected to
immunoblot analysis with indicated antibodies (C).
(D) Colocalization of GFP-FREE1 with the PVC marker mCherry-Rha1 in Arabidopsis plant. Scale bar, 10 mm.
(E–G) free1 mutation disrupted the formation of ILVs in MVBs. Ultrathin sections were prepared from HPF/FS samples of wild-type (E) or free1 (F) roots,
followed by immunogold labeling using VSR antibodies. The number of ILVs per MVB and the diameter of MVBs were statistically analyzed on 50 MVBs
recognized by VSR antibodies (G). Scale bar, 100 nm.
See also Figures S2 and S3.
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2558To further explore FREE1 function in plant growth, we next
employed an RNAi approach to generate transgenic plants ex-
pressing hairpin RNAi fragments against FREE1 under the
control of a dexamethasone (DEX)-inducible system. DEX
treatment specifically caused the growth arrest of DEX::
RNAi-FREE1 plants after germination, and the most severe
DEX-induced RNAi-FREE1 plant (line 11) had a similar
morphological phenotype as the free1 mutant (Figures S2).
Immunoblot with the specific FREE1 antibody also confirmedthe relation between knockdown of FREE1 to the seedling
growth arrest phenotype (Figure S2).
FREE1 Is Required for the Formation of ILVs in PVCs/MVBs
The seedling lethality phenotype of free1mutant indicates that
a possible defect in a major cellular mechanism might exist in
this mutant. Because FREE1 mainly resided in PVC/MVB, we
first investigated the possible effects of free1 mutation on
MVB biogenesis at the ultrastructural level by performing
(legend on next page)
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2560transmission electron microscopic (TEM) analysis of ultrathin
sections of high-pressure frozen/freeze-substituted (HPF/FS)
and chemically fixed free1 mutant seedlings. A phenomenon
found in the free1 mutant observed under TEM was the
apparent absence of typical MVBs with numerous ILVs that
were easily identified in the sections of wild-type seedlings
(Figures 2 and S3); though the PVCs/MVBs in free1mutant still
showed response to wortmannin treatment to form ring-like
structures (Figure S3). On the other hand, the free1mutant ex-
hibited relatively normal morphologies of the Golgi and the
TGN and showed a normal response to BFA treatment by
forming intracellular BFA compartments, as demonstrated
by both confocal and TEM analysis (Figure S3).
To better elucidate the effect of FREE1 depletion on PVC/
MVB formation, we next performed immunogold EM labeling
on ultrathin sections of HPF/FS root tips with antibodies
against the plant PVC marker vacuolar sorting receptor (VSR)
[21, 26, 27]. Consistent with the previous reports on the
morphology of MVBs in HPF/FS Arabidopsis roots [27–30],
typical MVB structures with numerous ILVs in wild-type plant
were found to be nicely labeled by VSR antibodies (Figures
2E and S3I), whereas in free1 mutant VSR antibodies usually
labeled empty MVBs lacking ILVs (Figure 2F and S3I). A statis-
tical analysis of the VSR antibody-labeledMVBs demonstrated
that the number of ILVs per MVB section was dramatically
reduced in the free1 mutant and that the diameter of MVBs
was slightly increased in the free1 mutant compared with
those of MVBs in wild-type plant (Figure 2G). Structural anal-
ysis of chemically fixed samples also showed similar results
in which the membranes of MVBs and its ILVs were better
visible (Figure S3J). These results support our initial specula-
tion that FREE1 is required for the formation of ILVs in MVBs.
FREE1 Is Incorporated into the ESCRT-I Complex via a
Direct Interaction with Vps23 through PTAP-like Motifs
Thedefect inbuddingof ILVs inMVBs isa typical phenotype that
can be found in the mutants among key components of whole
ESCRTmachinery [2, 5, 7, 31]. Toexplore thepossiblemolecular
links between FREE1 and plant ESCRT machineries, we first
cloned all the key subunits of plant ESCRT complexes for an
interaction screening with FREE1 and found that FREE1 specif-
ically interacted with ELC (Vps23A) and its homolog Vps23B
but not the other two components, Vps28 and Vps37, of the
ESCRT-I complex (Figure3A). Inaddition,FREE1didnot interact
withothercomponentsofESCRT-II, -III, orVps4complexes (Fig-
ure S4). The associationbetween FREE1 andVps23Aor Vps23B
was further confirmedbycoimmunoprecipitation (coIP) analysis
(Figure 3B). We next made the N-terminal EYFP fusions of ELC
and Vps23B, in which EYFP-ELC was demonstrated as a func-
tional fusion in plant [32], for a subcellular localization study
and in vivo interaction analysis with FREE1. When transientlyFigure 3. Mapping the Interactions between FREE1 and ESCRT-I
(A) Y2H analysis of the binary interactions between FREE1 and ESCRT-I subu
(B) Immunoprecipitation (IP) assay shows association between FREE1 and
GFP-FREE1 with 3Myc-ELC (lanes 1, 2, 5, and 6) or 3Myc-Vps23B (lanes 3, 4, 7
by immunoblotting with indicated antibodies.
(C) Colocalization of FREE1 with the two Vps23 homologs. Scale bar, 10 mm.
(D) FRET analysis showed direct interactions between FREE1 and the two Vps
(E) Y2H analysis of the binary interactions between ELC or Vps23B with differe
(F) Gel filtration analysis of endogenous ESCRT-I complexes in plant. Proteins
chromatography and immunoblotting detection with indicated antibodies. As
weight size markers indicated as following: thyroglobulin (669 kDa), ferritin (44
(G) Expression of Vps4/SKD1(E232Q) mutant promoted the membrane recruit
See also Figure S4.coexpressed in Arabidopsis protoplasts, both EYFP-ELC and
EYFP-Vps23B showed clear punctate dots that were substan-
tially colocalized with Cerulean-FREE1 (Figure 3C), consistent
with the previous reports showing PVC/MVB localization of
Vps23 in plant cells [6, 32]. When performing acceptor photo-
bleaching-fluorescence resonance energy transfer (FRET-AB)
analysis, both ELC and Vps23B show strong interactions with
FREE1 in these colocalized punctae (Figure 3D).
To clarify the domain in FREE1 that is required for interaction
with ELC or Vps23B, we next generated several FREE1 mu-
tants harboring domain truncations or point mutations for
interaction analysis with ELC. As shown in Figure 3E, deletion
of the N-terminal Pro-rich region but not the C-terminal FYVE
or coiled-coil domains abolished the interaction between
FREE1 and ELC. Further analysis of the amino acids from 31
to 86 in the Pro-rich region showed the presence of two puta-
tive PTAP-like tetrapeptide motifs, which were identified in
several Vps23 interaction partners in yeast and mammals
[12, 13, 33]. Mutations of the PTAP-like motifs in FREE1 via
substitutions with alanine residues abolished the interaction
between FREE1 and ELC or Vps23B (Figure 3E). Therefore,
FREE1 specifically interacts with the ELC and its homolog
Vps23B of the plant ESCRT-I component via these two
PTAP-like motifs residing in the N-terminal Pro-rich region.
We next tested if FREE1 is in a complex with ESCRT-I by
performing high-resolution gel filtration chromatography of
cytosolic proteins extracted from Arabidopsis seedlings. As
shown in Figure 3F, although a subset of FREE1 migrated at
over 650 kDa, large amounts of FREE1 comigrated with
Vps28 in a size range of 200–400 kDa, in line with the size of
plant ESCRT-I as demonstrated previously [32]. Collectively,
these results prove the incorporation of FREE1 in the plant
ESCRT machinery, a conclusion that is further supported
by the finding that overexpression of a Vps4/SKD1(E232Q)
mutant enhanced the endosomal accumulation and reduced
the cytoplasmic distribution of GFP-FREE1 (Figure 3G).
A recent report showed that disruption of ESCRT function by
overexpression of a dominant-negative mutant Vps2-DN in
protoplasts caused the accumulation of the MVB markers in
the enlarged TGN [30]. We thus tested if FREE1 depletion
had a similar effect by performing the immunofluorescence
labeling with the MVB marker anti-VSR antibody in DEX::
RNAi-FREE1 plants expressing the TGN marker VHAa1-GFP.
No significant differences of the distributions of TGN and
MVB marker proteins were found before and after FREE1
depletion (Figure S4B). One possibility for such a difference
may be due to a more specific role of FREE1 in regulating
the formation of MVB ILVs, another plausible explanation
may be due to the different effects between overexpression
of a dominant-negative mutant protein Vps2-DN in protoplasts
in their study [30] and knockdown of FREE1 in plants here.nits.
the two Vps23 homologs. Arabidopsis protoplasts expressing GFP or
, and 8) were subjected to protein extraction and IP with GFP-trap followed
23 homologs.
nt deletions or mutations of FREE1.
extracted from 5-day-old Arabidopsis seedlings were used for gel filtration
sayed fractions are given above, together with the positions of molecular
0 kDa), catalase (232 kDa), ovalbumin (43 kDa).
ment of FREE1. Scale bar, 10 mm.
Figure 4. FREE1 Directly Binds to Ubiquitin and Regulates Vacuolar Sorting of Membrane Proteins
(A) PIN2-GFP localization in wild-type and free1 roots meristem cells. Arrowheads marked the tonoplast localization of PIN2-GFP in free1. Scale bar, 10 mm.
(B) free1 root expressing PIN2-GFP was stained with FM4-64 for 6 hr followed by confocal imaging. Scale bar, 10 mm.
(C) PIN2-GFP localization in the root meristem cells of the DEX-inducible FREE1 RNAi plants after 6 hr dark treatment with or without DEX induction. Arrows
and arrowheads indicated the vacuolar GFP signal and tonoplast-localized GFP signal respectively. Scale bar, 10 mm.
(D) FREE1 binds directly to ubiquitin. Plant total protein extract or purified recombinant proteins were incubated with immobilized GST or GST-Ub. Input and
bound proteins were visualized by immunoblot with anti-FREE1 antibody for plant protein extract, or anti-His antibody for recombinant His-Sumo fusion
proteins.
(E) free1 mutant accumulates ubiquitin conjugates. Membrane proteins extracted from the indicated plants were subjected to immunoblot analysis with
indicated antibodies.
FREE1 Regulates MVB Sorting in Arabidopsis
2561FREE1 Directly Binds to Ubiquitin and Is Required
for Vacuolar Sorting of Ubiquitinated Membrane Proteins
in Plant
The implication of FREE1 in the plant ESCRT pathway to regu-
late the formation of ILVs in MVBs prompted us to investigate
the function of FREE1 in plant membrane protein sorting.
We initially crossed free1 mutant or DEX-inducible FREE1
RNAi plants with the transgenic plant expressing PIN2-GFP,
which has been shown to undergo ubiquitination and an
ESCRT-dependent and endocytic pathway to the vacuole for
degradation [9, 10, 29, 34, 35], and thus represents an ideal
cargo for FREE1. PIN2-GFP was mostly localized to the PM
in a polarized manner in wild-type plants, whereas in free1mutant besides the PM localization an apparent PIN2-GFP
signal was detected inside the cell to be fully colocalized
with the endocytic tracker FM4-64 on the vacuolar membrane
at 6 hr after uptake in Arabidopsis root cells (Figures 4A and
4B). In addition, when plants were incubated in darkness for
several hours, which promotes the stabilization of fluorescent
protein-tagged reporters in the lytic compartment, a strong
vacuolar accumulation of PIN2-GFP was observed in control
plants (Figure 4C). However, dark treatment did not cause an
obvious vacuolar accumulation of PIN2-GFP in DEX-treated
FREE1 RNAi plants, instead the internalized PIN2-GFP signal
was found in the tonoplast (Figure 4C). The accumulation of
PIN2-GFP to the tonoplast in the free1 mutant or FREE1
Current Biology Vol 24 No 21
2562RNAi plants supports a scenario in which FREE1 functions in
the ESCRT pathway to sort membrane cargoes into the ILVs
ofMVBs and ultimately releasing them into the vacuolar lumen.
In addition, a recent study on the same protein demonstrated
its function in regulating the recycling of IRONREGULATED
TRANSPORTER 1 (IRT1) between TGN and PM, and the
IRT1-dependent metal transport and metal homeostasis in
plants [36]. Together with our results showing FREE1 function
in MVB biogenesis and vacuolar membrane protein sorting,
these findings together suggest possible multiple functions
of FREE1 in plant membrane trafficking, organelle biogenesis,
and plant growth.
We next performed in vitro pull-down assays to test the Ub
binding ability of FREE1 by using GST or GST-Ub fusion as bait
to precipitate FREE1 protein. As shown in Figure 4D, native
plant FREE1 protein bound specifically to GST-Ub beads but
not to GST alone, when lysates were prepared from total pro-
tein extracts. Purified bacterially expressed FREE1 protein
also showed specific binding to GST-Ub but not the GST con-
trol, in addition, FYVE domain deletion did not affect the Ub
binding activity, whereas a further deletion of C-terminal tail
substantially decreased the binding affinity of FREE1 to Ub
(Figure 4D). Thus the C-terminal tail but not the FYVE domain
is required for the binding of FREE1 to Ub. If FREE1 performs
a general function to sort ubiquitinated membrane cargoes to
vacuolar lumen for degradation, loss of function of FREE1 will
cause the accumulation of ubiquitinated membrane proteins.
As expected, high amounts of Ub conjugates with different
molecular weight were detected in the membrane fractions
isolated from free1 mutant and DEX-treated FREE1 RNAi
plants (Figure 4E).
To summarize our findings, we first identified a plant FYVE
domain-containing protein essential for endosomal sorting
by demonstrating that (1) FREE1 localizes to PI3P-positive en-
dosomes and specifically binds to PI3P via a conserved FYVE
domain; (2) FREE1 binds directly to ubiquitin and is incorpo-
rated into the ESCRT-I complex through specifically interact-
ing with Vps23 by PTAP-like motifs; (3) depletion of FREE1
function severely disrupts the formation of ILVs in MVBs and
consequently causes mislocalization of membrane cargoes
to the tonoplast; and (4) FREE1 is essential for plant growth
and loss of function of FREE1 causes seedling lethality. At a
first glance, these observations would seem to argue that
FREE1 functions as a component of ESCRT-0 in plants,
because the ESCRT-0 key subunit Hrs in mammal (Vps27 in
yeast) also contains a conserved FYVE domain for PI3P bind-
ing and typical PTAP-like motifs for specific interaction with
Tsg101 (Vps23 in yeast) [12, 13]. In addition, Hrs plays impor-
tant roles in MVB biogenesis and vacuolar sorting of ubiquiti-
nated membrane cargoes, and loss of function of Hrs causes
lethality in fly and mouse [12, 20, 37]. Besides cargo recogni-
tion, another important function of ESCRT-0 in mammal and
yeast is to recruit the ESCRT-I complex to endosomal mem-
branes [12, 13]. However, our result that the membrane asso-
ciation of plant ESCRT-I complex was not significantly
affected by the knockdown of FREE1 (Figure S4C), challenges
the notion that FREE1 functions as the ESCRT-0 in plants.
ESCRT-I is a multiprotein complex in which at least three com-
ponents, termed TSG101/Vps23, Vps28, and Vps37, are well
conserved among mammals, yeasts, and plants [38]. A fourth
less-well-conserved subunit of ESCRT-I, termed Mvb12p,
MVB12A/MVB12B, has recently been identified in yeast, mam-
mals, and C. elegans [39–42]. Our results that FREE1 directly
interacts with Vps23 and comigrates with Vps28 in gel filtrationsuggest that endogenous FREE1 is part of the ESCRT-1
complex in plant cells. In addition, the enhancement of
FREE1 endosomal localization by overexpression of the
Vps4/SKD1(E232Q) mutant demonstrates that, like other
ESCRT components, the membrane-cytoplasm recycling of
FREE1 is also regulated by the AAA-type ATPase Vps4. How-
ever, we also noticed that FREE1 shared limited similarities
with Mvb12p/MVB12 in both protein size and sequence. In
addition, unlike Mvb12p/MVB12, which has only a slight effect
on MVB sorting and is not essential for the viability of
C. elegans, FREE1 plays essential roles in MVB ILV formation,
MVB sorting and plant growth. Thus, FREE1 represents a
unique plant ESCRT component essential for MVB sorting.Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be foundwith this article online at http://dx.doi.org/
10.1016/j.cub.2014.09.014.
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